Abstract Delivery of stem cells with osteogenesis while enabling angiogenesis is important for vascularized bone tissue engineering. Here a three-dimensional (3D) co-culture system of dental pulp stem cells (DPSCs) and endothelial cells (ECs) was designed using porous microcarriers, and the feasibility of applying to bone tissue engineering was investigated in vitro. Highly porous spherical microcarriers made of degradable biopolymers were prepared with sizes of hundreds of micrometers. The microcarriers loaded with DPSCs were co-cultured with ECs embedded in a hydrogel of type I collagen. An optimal coculture medium that preserves the viability of ECs while stimulating the osteogenic differentiation of DPSCs was found to be a 10:1 of osteogenic medium:endothelial medium. The co-cultured constructs of DPSCs/ECs showed significantly higher level of alkaline phosphatase activity than the mono-cultured cells. Moreover, the expressions of genes related with osteogenesis and angiogenesis were significantly up-regulated by the co-cultures with respect to the mono-cultures. Results imply the interplay between ECs and DPSCs through the designed 3D co-culture models. The microcarrier-enabled co-cultured cell system is considered to be useful as an alternative tool for future vascularized bone tissue engineering.
Introduction
Tissue engineering is a multidisciplinary, translational science that aims to create clinically effective substitutes for the repair of damaged and diseased tissues [1] . Engineering of a complex tissue is one of the great challenges in the tissue engineering field. Co-cultures have been studied to engineer complex tissue structures as this culture system can better mimic the native tissue environments through the interactions of different cell types [2] . Therefore, lots of effort has been exerted to develop co-culture models for specific tissues, including liver, pancreas, retina, skin, tendon, cartilage, vessel, nerve, and bone [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Bone tissue engineering is one of the areas that have been studied most extensively to meet the clinical requirements [12] . One challenging issue here is to produce vascularized bone grafts because bone is a highly vascularized tissue. Therefore, many researchers have utilized the co-culture systems. In the co-cultures, the interplay between different cell types (generally endothelial cells (ECs) with mesenchymal stem cells (MSCs) or osteoblasts) is believed to secrete the signaling molecules that can stimulate vascularization and accelerate bone formation. For instance, Dariima et al. [9] reported that the co-culture of pre-osteoblastic cells with ECs could enhance the osteogenic gene expression and the formation of vessellike structures. The co-cultured human MSCs and ECs were found to have improved osteogenic properties [13, 14] . Rouwkema et al. [15] also showed that the coculturing of human MSCs and ECs led to an increased alkaline phosphatase (ALP) activity with a concurrent stimulation of a tubular structure formation. However, most in vitro studies have been studies in two-dimensional (2D) conditions, which may not properly replicate the native conditions of 3D.
Here we provide 3D conditions for the co-culture of MSCs and ECs, where microcarriers and hydrogel were used to deliver MSCs and ECs, respectively. As the MSCs source, dental pulp stem cells (DPSCs) are used as they exhibit multi-lineage differentiation potential, including adipogenic, chondrogenic, osteogenic, odontogenic and neurogenic lineages [16, 17] and thus have been studied as a source of many cell types in tissue engineering. Moreover, spherical microspheres were used to load and expand MSCs for tissue engineering [18] [19] [20] [21] . In particular, the porous microspheres were generated which have been shown to facilitate the proliferation of chondrocytes and their cartilage matrix synthesis [22] , and also shown to enable the expansion of osteoblastic cells and the lineage differentiation under dynamic cultures [23] . The DPSCs loaded onto porous microcarriers are interacted with the ECs encapsulated in 3D hydrogel, which is considered to provide information useful for future vascularized bone tissue engineering.
Materials and methods

Preparation of cells
Human DPSCs were obtained as described in a previous report [24] . The cells were grown in a-modified Eagle medium (a-MEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin/ streptomycin (Gibco, USA). Culture medium was refreshed every 2-3 days.
HUVECs (ATCC, USA) were incubated in Vascular Cell Basal Medium (ATCC, USA) supplemented with Endothelial Cell Growth Kit-VEGF (ATCC, USA) at 37°C, 5% CO 2 humidified incubator. Culture medium was changed every 2-3 days.
Porous microspheres and the DPSC culture
Polycaprolactone (PCL, Mw = 80 kDa, Sigma-Aldrich) blended with poly-L/D-lactide (PLDLA, L-lactide: D,Llactide = 70:30, Sigma-Aldrich, USA) was prepared into porous microspheres, as described in our previous study [22] . Briefly, 10% (w/v) PCL/PLDLA (1:3) were dissolved in chloroform, and mixed with 60% (w/v) camphene. The solution was dropped into a water pool containing 2% polyvinyl alcohol, with a gentle stirring at 450 rpm at 4°C. The porous microcarriers were obtained by a filtration, washed, and freeze-dried.
Before seeding cells, microcarriers were sterilized with 70% ethanol for 2 h and washed with phosphate buffer saline (PBS) three times. One milliliter DPSCs (2 9 10 6 ) were added to the pre-wetted microspheres of 10 mg with a-MEM supplemented with 10% FBS and 1% penicillin/ streptomycin for 12 h, and the cells/microcarrier constructs were incubated under shaking with a sway of 45°at 3 rpm for 6 h using MyLab SLRM-3 Intelli-Mixer (SLRM-3, SeouLin Bioscience, South Korea). Thereafter, the constructs were cultured in a spinner flask (S-flask 4500-1 L, TAITEC, Japan) containing 70 ml a-MEM with 10% FBS culture medium at 37°C, 5% CO 2 incubator for 10 days. The stirring speed was 30 rpm [22] .
The cells/microcarrier constructs were observed by scanning electron microscopy (SEM, Hitachi S-3000H) after fixation with 2.5% (v/v) glutaraldehyde, dehydration with a graded series of ethanol (75, 90, 95 and 100%), treatment with a hexamethyldisilazane solution, and gold coating. Optical microscope images of the constructs were also taken.
The cell distribution images onto the microcarriers were observed by Alexa Fluor 488-conjugated phalloidin (Invitrogen, USA) staining using an inverted fluorescence microscope. The constructs were fixed with 4% paraformaldehyde for 10 min, and then incubated with 20 nM Alexa Fluor 488-conjugated phalloidin diluted in PBS for 30 min. The nuclei of the cells were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI) for 5 min. Fluorescence images were obtained using an inverted fluorescence microscope equipped with a DP-72 digital camera (Olympus Co., Tokyo, Japan).
Co-culture with HUVECs embedded in collagen gel
The collagen hydrogels were prepared as described in our previous study [22] . HUVECs (5 9 10 5 ) were mixed with the 2% collagen to produce cell-embedded hydrogels. The DPSCs/microcarrier constructs of 10 mg cultured for 10 days were mixed with the 2 mL HUVECs/collagen hydrogels. For comparison, DPSC only group (DPSC/microcarrier mixed only with hydrogel w/o HUVEC) and HUVECs only group (HUVEC in hydrogel w/o mixing with DPSC/microcarrier) were also prepared. The cellseeded hydrogels were poured into polydimethylsiloxane molds (8 mm diameter and 2 mm thickness), and allowed to polymerize in a humidified incubator at 37°C for 30 min. After gelation, the hydrogels were cultured with an optimal cell culture medium for 14 days. Culture medium was changed every 2 days.
To determine the optimal cell culture medium for cocultures of DPSCs and HUVECs (that enables DPSCs osteogenesis and preserves HUVECs viability), the DPSCs or the HUVECs were seeded individually at 1 9 10 4 cells/ 24-well in 1 mL of the four different culture media (detailed information on the content of the media is listed in Table 1 ) and cultured for 7 days. Culture medium was changed every 2 days. The experiments were repeated independently three times to ensure the co-culture conditions optimized.
The DPSCs osteogenic potential was assessed by ALP staining, and the HUVECs viability was detected by the Live/Dead assay. Based on the assessments, a 10:1 mixture of osteogenic medium (OM)/endothelial cell medium (EM) was chosen.
Cell viability
For the cell viability assay, the constructs cultured for 14 days was detected by the Live/Dead assay (Molecular Probes, Reduced Biohazard Viability/Cytotoxicity Kit, USA) according to manufacturer's instruction. The samples were incubated in Live/Dead assay stain solution for 30 min at room temperature, and subsequently observed under an inverted fluorescence microscope equipped with a DP-72 digital camera (DP2-BSW, Olympus Co., Tokyo, Japan). The viable cells were indicated to be green fluorescent while dead cells were identified to be red fluorescent.
ALP activity
The ALP activity of the cells was measured as an early osteogenic marker. First, the osteoblastic differentiation of the cells on each sample was observed by using an ALP color development kit (Takara, Japan), according to the manufacturer's instructions. For this, the samples were fixed and reacted with ALP reaction substrates for 1 h. The samples stained in violet were observed by an optical microscope. Next, for the quantification of ALP activity, the samples were added with a cell lysis buffer (10% Triton X-100, 1 M Tris-HCl, 0.5 M NaCL, and 0.5 M EDTA). Total protein content was measured using a commercial DC protein assay kit (Bio-Rad, Hercules, USA). Bovine serum albumin (from Sigma) was used as the reference curve for the protein assay. The quantity of each sample used for an enzymatic reaction was determined when normalized to the total protein content. The ALP activity was determined using an ALP assay kit (Procedure No. ALP-10, Sigma). The q-nitrophenol produced by the reaction was then determined based on the absorbance at 405 nm using an ELISA Plate Reader.
Quantitative real-time polymerase chain reaction (qPCR)
The constructs were cultured with the optimal cell culture medium for 14 days. Osteogenic and angiogenic gene expressions were analyzed using a Rotor-Gene RG-3000A qPCR machine (Australia). Total RNA of the specimens was extracted using TRIzol reagent (Invitrogen). The first strand cDNA was synthesized from the total RNA (1 lg) using a SuperScript first strand synthesis system for realtime PCR (Invitrogen, USA) according to the manufacturer's instructions. The reaction mixture was made up to 50 lL. Real-time PCR was conducted using SYBR GreenER qPCR SuperMix reagents (Invitrogen, USA). The relative transcript quantities were calculated using the 2 -DDCt method with b-actin as the endogenous reference gene amplified from the samples. The primer sequences of the genes are summarized in Table 2 .
Statistical analysis
Data are shown as the mean ± one standard deviation. Statistical analysis was performed using one-way ANOVA analysis followed by a post hoc LSD test. p \ 0.05 was considered to be statistically significant.
Results
Optimization of cell culture medium
To determine the optimal cell culture medium for the cocultures of DPSCs and HUVECs, each cell type was cultured in the different combination medium ( Table 1 ). The osteogenic potential of the DPSCs was qualitatively evaluated at day 7 using an ALP staining assay (Fig. 1) . The cells showed the darkest staining in OM. Although the staining of the cells in MIX 1 appeared to be slightly lighter than in OM, it was significantly darker than in MIX 2. Whereas the ALP staining was absent in EM. The viability of HUVECs was also qualitatively evaluated at day 7 by a live/dead staining assay (Fig. 2) . The results showed that dead cells significantly increased in OM. In contrast, the cells showed a high viability similarly in MIX 1, MIX 2 and EM.
Cell adhesion and growth on the microcarriers
The porous PCL/PLDLA microcarriers, as studied previously [22] , have an average diameter of 303 lm with highly open-channeled pores. Figure 3A , B show the SEM micrographs of the cell/microcarrier constructs at day 10 after a stirring-culture at 30 rpm. The cells were elongated and grew actively on the spherical microcarrier surface. Some cells were observed to migrate into the pores. Moreover, the cell images were observed by fluorescence microscopy after co-staining of actin filaments (with Alexa Fluor 488-conjugated phalloidin, green colored) and nuclei (with DAPI, blue colored). The phalloidin staining of actin filaments further support the cell adhesion and growth on the microcarrier surface (Fig. 3C, D) .
Cellular growth behaviors
In both DPSC and DPSC/HUVEC groups, the DPSCs started to migrate from the microspheres toward the collagen gel at day 1, and cells showed an elongated shape in radial direction (Fig. 4A, D) . However, the cells in HUVEC group appeared to show limited processes (Fig. 4G ). After 14 days, both DPSC and DPSC/HUVEC groups showed a robust outgrowth of the cells from microspheres toward the collagen gel (Fig. 4B, E) . In contrast, the cells in HUVEC group adopted a small round shape (Fig. 4H) . The Live/Dead assay was used to detect the viability of the cells at day 14 in three different groups (Fig. 4C, F, I ). The cells present at the hydrogel were pictured as they are more easily visible under a microscope, also the cells are the mixture of DPSCs (migrated from microspheres) and HUVECs (present initially). Results demonstrated that most of the cells were alive although some dead cells were also observed in all groups.
Osteogenic phenotype and angiogenic gene expressions
Osteogenic potential of the constructs was assessed using ALP activity as a functional indicator. The ALP staining at day 14 appeared to be more intense in the cells at the microspheres (vs. those at the hydrogel), which may be due to that the cells at the microspheres are DPSCs but those at hydrogel are mainly HUVECs with a fraction of DPSCs migrated. In particular, the ALP stained images of the samples showed much darker staining in DPSC/HUVEC group than in DPSC group (Fig. 5A, B) . On the other hand, no ALP stain was observed in HUVEC group (Fig. 5C ). The ALP enzymatic activity was significantly higher in DPSC/HUVEC group than in DPSC group after culture for 14 days, and that of HUVEC group was only minimal and the lowest among all (Fig. 5D ). The expressions of osteogenic (type I collagen and ALP) and angiogenic genes (von Willebrand factor (vWF) and VE-cadherin) were analyzed at day 14 using qPCR (Fig. 6) . The type I collagen gene expression was significantly higher in DPSC/HUVEC group than in the other two groups, and that in HUVEC group was the lowest. The expression of 
Discussion
Co-culture of osteogenic cells with angiogenic cells has been proposed as a useful strategy to produce vascularized bone grafts [25] . Although 2D co-culture models have been widely studied to provide the information on cross-talks between two different types of cells (mainly ECs with MSCs or osteoblasts), the development of 3D co-cultures is needed as they can better mimic the native tissue microenvironments [26] . In the present study, we used porous microcarriers and collagen hydrogel to co-culture the human DPSCs and the HUVECs in 3D conditions. The composition of culture media and the ratio of cells are often considered as critical parameters to optimize for the co-cultures of different types of cells in the same media. The cell ratio of 1:1 was often shown to enable both osteogenic and angiogenic functions in many co-culture studies [14, 27, 28] . With regard to the composition of culture media, there were variations across reports [14, 27, 29] . For instance, Ma et al. [27] showed that the co-culture of MSCs/ECs in OM is optimal for osteogenesis and angiogenesis, but that in 1:1 mixture of OM/EM is incapable of inducing osteogenic differentiation. Kaigler et al. [14] co-cultured MSCs/ECs in a 1:1 mixture of growth medium/EM and found better osteogenic activity. Herein, we observed that the 10:1 mixture of OM and EM could facilitate the osteogenic activity of the DPSCs (Fig. 1B, Fig. 6 ), as well as maintain the high viability of the HUVECs (Fig. 2B ) and increase the angiogenic activity of the DPSCs-microcarriers/HUVECs-gel constructs (Fig. 6) . As to the cell population, the number of HUVECs in hydrogel was varied at a fixed number of DPSCs, and among the populations of HUVECs (0.5 9 10 5 , 1 9 10 5 , 5 9 10 5 , and 10 9 10 5 cells/mL), the 5 9 10 5 cells/mL in a total volume of 0.l mL was shown to be optimal for the stimulation of osteogenic potential of the DPSCs (data not shown).
With the 3D co-cultures of DPSCs and HUVECs, the expressions of both osteogenic (type I collagen and ALP) and angiogenic (vWF and VE-cadherin) genes were significantly up-regulated. Previous studies have demonstrated that key soluble factors such as vascular endothelial growth factor (VEGF) and bone morphogenetic protein 2 (BMP2) were involved in the communications between osteogenic and angiogenic lineages [9, [30] [31] [32] . The osteogenic cells produce high levels of VEGF, which has been shown to increase the survival and differentiation of the angiogenic cells [30] . On the other hand, the angiogenic cells secrete BMP2, which can promote the differentiation of osteogenic cells [31] . Therefore, the stimulated osteogenic and angiogenic genes in this study might also be due to the results of roles played by signaling molecules secreted in the cross-talks of DPSCs and HUVECs, although in-depth analyses are needed to confirm in the future.
Based on the current study, it is feasible to see the future applications of the 3D co-culture system for vascularized bone tissue engineering. In particular, the porous microspheres were shown to be effective in loading DPSCs and cultivating under the interaction with ECs. Although here we used pure biopolymer composition, the use of more osteo-inductive compositions may help stimulating DPSCs to an osteogenic differentiation, which will be a further intriguing study. As illustrated in Fig. 7 , the DPSCs in microcarrier combined with ECs in hydrogel can be injected to fill the bone defects, allowing for 3D cross-talks 
